The mechanism by which the consumption of high fat, low carbohydrate diets impair glucose tolerance and decrease insulin sensi tivity is poorly understood. In an attempt to clarify this question, intravenous glucose tolerance and insulin action in the liver and skeletal muscle were examined in rats after two weeks feeding of either a high fat (HF; 66% energy as fat) or a low fat (LF; 12% energy as fat) diet. Both diets had a P/S ratio (ratio of polyunsaturated to saturated fat in the diet) of 1.3. The high fat diet resulted in mild impairment of intravenous glucose tolerance. Postprandial glucose levels were elevated in the presence of a sustained insulin response. In vitro insulin-stimulated glucose utilisation was decreased significantly in soleus muscle of HF rats, as indicated by decreased [14C]glucose incorporation into muscle glycogen. In contrast, muscle lipogenesis from glucose was not affected by dietary composition. There was no difference in insulin binding to soleus muscle of HF and LF rats, indicating a dissociation between insulin receptor binding and post receptor metabolic events. Dietary composition did not influence the incorporation of increasing [14C]glucose loads into muscle glycogen or lipid in vivo. However, the HF diet was associated with reduced in corporation of [14C]glucose into lipids and glycogen in the liver and, to a smaller extent, reduced incorporation into adipose tissue lipids in viva. These results suggest that the mechanism by which HF diets impaired glucose tolerance was mainly hepatic in origin. Decreased glucose uptake, secondary to reduced glucokinase activity, may result in a reduction in glucose utilisation in the liver.
that consumption of high fat, low carbohydrate diets results in impaired glucose tolerance and decreased insulin sensitivity whereas low fat , high carbohydrate diets improve glucose tolerance and insulin sensitivity (3) (4) (5) ) . The precise mechanism by which these effects of dietary fat are mediated is not yet well understood . Grundleger and Thenen (6) reported a 35% decrease in insulin binding to receptors on soleus muscle in rats fed high fat diets compared with rats fed low fat diets , with the reduction in insulin binding being due to a decreased receptor number . Insulin binding to liver plasma membranes and isolated adipocytes have been reported to be decreased or unchanged by high fat feeding (7 , 8) . More recently it has become increasingly evident that post-receptor defects may contribute to the impaired glucose tolerance and decreased insulin sensitivity associated with high fat feeding . Impairments in insulin action after high fat diets have been demonstrated con sistently in liver, muscle, and adipose tissue (2 , 6, 8, 9) .
The aim of this study was to examine the effects of two levels of dietary fat (66% energy, 12% energy) with a constant P/S ratio (ratio of polyunsaturated to saturated fat in the diet, 1.3) on glucose tolerance and insulin sensitivity in the rat , and to examine insulin action in two major target tissues (liver and skeletal muscle) .
Insulin receptor binding and glucose utilisation under basal and insulin -stimulated conditions were measured in soleus muscle . Hepatic glucokinase activity was measured in the liver. Glucokinase is the high K m enzyme which phosphorylates glucose taken up by the liver after oral ingestion and, as such , is potentially important in modulating glucose disposal . In order to gain a clearer understanding of the metabolic effects of these dietary changes in vivo , [U-14C]glucose in corporation into muscle, adipose tissue and liver lipids and glycogen were measured one hour after the intravenous injection of increasing doses of glucose (0 .5, 1.0, and 2.0g glucose/kg body weight). radioactivity into glycogen was highest in the diaphragm. Dietary composition did not influence glycogen synthesis in the heart or adipose tissues. Hepatic glycogen synthesis was lower in HF rats at the lowest dose of glucose (0.5g/kg body weight, p<0,025). Although there was a similar trend at the two higher glucose loads, it was not significant. There was no effect of diet on lipogenesis from glucose at any of the glucose loads in the muscle tissues (soleus, EDL, heart, and diaphragm, Table 5 ). Linear glucose dose dependency was observed in all four muscle tissues. Hepatic lipo genesis was higher in LF rats than HF rats at 0.5 and 2.0g glucose/kg body weight (p<0.05, p<0.005, respectively). Similarly, lipogenesis was greater in the adipose tissues (perirenal and epididymal) at the two higher glucose loads in LF rats. Furthermore, 14C-radioactivity in adipose tissue lipids increased much more than would be expected assuming linear dose-dependency.
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DISCUSSION
The aim of this study was to shed more light on the mechanism of the impaired glucose tolerance and insulin resistance which has been well documented as the response of humans and animals to the consumption of high fat diets. The two diets used in the present study were both quite high in polyunsaturated fat, with indentical P/S ratios (1.3). This relatively high P/S ratio did not, however, prevent the impairment of glucose tolerance and decreased insulin sensitivity previously demonstrated on high fat diets richer in saturated fat (1, 2, 5) .
In the present study, the elevated plasma glucose levels in the HF rats during the IVGTT in the face of similar insulin levels (and higher insulin secretion above basal) is consistent with insulin resistance. In attempting to elucidate the mechanism of these metabolic effects we examined glucose utilisation and insulin action in two key target tissues (skeletal muscle and liver).
Although there was a decrease in in vitro soleus muscle glucose utilisation in HF rats, there was no difference in insulin receptor binding to soleus muscle of rats fed LF or HF diets indicating a dissociation between insulin binding and insulin regulated glucose metabolism. This observation is consistent with results reported for adipose tissue from rats fed high fat diets in which there were no alterations in insulin receptor binding characteristics of adipocytes from rats fed low and high fat diets, despite reductions in insulin-regulated pathways of glucose metabolism in the fat-fed rats (8) . In contrast, in the only published study on the effect of dietary fat on insulin binding to skeletal muscle, Grundleger and Thenen (6) reported a 35 decrease in insulin binding to soleus muscle of high fat rats which was due to an apparent reduction in insulin receptor number. Factors such as differences in ambient insulin levels, experimental conditions, and dietary composition may account for the discrepancies between Grundleger's study and the present one. In the present study the conditions for measuring insulin binding were optimal, not physiological. However, it is unlikely that any effects of the diet on insulin receptor binding characteristics would have been masked under these conditions since changes in binding in response to altered nutritional states have been reported under these conditions in muscle (unpublished results) and liver (13) .
It has been reported that modification of lipid composition of cellular membranes by dietary manipulation can influence insulin binding and insulin action in target tissues (15, 16) . Grunfeld et al. (15) showed that 3T3-L1 adipocytes grown in media supplemented with saturated fat exhibited up to an 80% decrease in insulin binding (due to a reduction in insulin receptor number) and insulin-stimulated 2 deoxyglucose uptake. Since in the present study, the LF and HF diets had a high proportion of polyunsaturated fat (P/S ratio of 1.3 in both diets), it is possible that the membrane lipid compositions of skeletal muscle in these rats were similar which may explain the lack of difference in insulin binding to soleus muscle between LF and HF rats. In contrast, in Grundleger's study (6) , the high fat diet consisted of predominately saturated fat (33.5% hydrogenated vegetable oil, 7.4% corn oil) whereas the low fat diet was higher in polyunsaturated fat (5% corn oil). Hence the low and high fat diets would have had quite different P/S ratios which may explain the observed difference in insulin binding. At the post-receptor level, feeding rats a HF diet resulted in decreased in vitro insulin-stimulated muscle glucose utilisation (glycogen synthesis and glucose oxid ation) and decreased sensitivity to insulin of muscle glycogen synthesis. This agrees with the work of other investigators reporting decreased glucose utilisation in soleus muscle (6) and adipose tissue (8) and decreased sensitivity to insulin of diaphragm and adipose tissue with high fat feeding (9, 17) . In the present study, most of the glucose which was utilised in muscle was converted to glycogen, a small amount to CO 2, and even less was incorporated into lipid. This is consistent with insulin stimulated glucose transport and storage of glucose as glycogen being a major pathway in muscle for glucose metabolism. The radioactivity in muscle lipids was probably due largely to labelling of the glyceride-glycerol backbone rather than to incorporation into fatty acids (9) .
The in vivo studies indicated that glucose utilisation in muscle (soleus , heart, EDL, and diaphragm) was not affected by the composition of the background diet, in agreement with Lavau and, Susini (18) who found identical in vivo labelling of glycogen from oral [14C]glucose in diaphragm in both basal and insulin-stimulated conditions in low and high fat-fed rats. The most significant finding in the in vivo study was that dietary composition influenced glucose utilisation in the liver and to a smaller extent in adipose tissue. In adipose tissue there was depressed in corporation of [14C]glucose into lipid with HF feeding, consistent with other studies reporting that high fat diets result in reductions in the activity and/or levels of key enzymes involved in lipid synthesis (18, 19) . The HF diet led to reductions in both glycogen and lipid synthesis from glucose in the liver. Zaragoza-Hermans and Felber(20) also reported reduced glycogen synthesis in the liver of HF rats after oral administration of 6-[14C]glucose and suggested that this contributed to the impaired glucose tolerance after oral glucose in the high fat rats in their study. In the present study the depressed hepatic glucose utilisation in vivo is consistent with reduced glucokinase activity in vitro. Glucokinase is the high Km enzyme which catalyses the first step in hepatic glucose utilisation and it is possible that the reduced glucokinase activity in HF rats may be responsible for the reduced hepatic glucose uptake and thereby contribute to the impaired glucose tolerance of the HF rats (5) .
In view of the finding that muscle glucose utilisation was unaltered in vivo by dietary composition, it is possible that the changes in glucose utilisation and insulin sensitivity observed in muscle in vitro may not be important determinants of the severity of glucose intolerance after HF feeding in vivo, and the reduction of lipogenesis and glycogen synthesis from glucose in the livers of HF rats in vivo and the reduction in lipogenesis from glucose in adipose tissue in vivo are consistent with the liver and adipose tissue both contributing to the impaired glucose tolerance of high fat feeding. Effects of dietary fat on hepatic glucose production which was not examined in the present study, cannot be excluded. Finally, although the results of AND GLUCOSE TOLERANCE 389 this study indicate that a high P/S ratio does not protect against the deleterious effects of a high fat diet on glucose tolerance and insulin sensitivity , the possibility of even more marked effects when the diet is enriched with saturated fat cannot be excluded (5).
This work was supported by a grant from the National Health and Medical Research Council of Australia to K. O'Dea and formed part of the Master of Science thesis for K. Chisholm.
